ovarian carcinoma and multidrug-resistant breast cancer in nude mice was achieved using this treatment modality ( 11 , 14 ) .
Ultrasound has a number of attractive features as a drug delivery modality. Tumor sonication with millimeter precision is feasible, and ultrasound may be directed toward deeply located body sites in precise energy deposition patterns. Sonication may be performed noninvasively or minimally invasively through intra luminal, laparoscopic, or percutaneous means. For extracorporeal sonication, the transducer is placed in contact with a water-based gel or water layer on the skin, and no insertion or surgery is required.
Ultrasound-mediated chemotherapy as well as all other energybased tumor treatment modalities requires tumor imaging before treatment. Although this imaging can be performed in a variety of ways, the possibility for combining diagnostic and therapeutic ultrasound for tumor imaging and treatment is especially attractive for reasons of simplicity and cost-effectiveness. Some dual-modality imaging/therapy high-intensity -focused ultrasound (HIFU) instruments have recently been marketed. They are used predominantly for the ablative treatment of prostate, kidney, or uterine tumors. However, ablative techniques present a number of problems related to precise control of heat deposition, and patient motion and breathing during the treatment are problematic.
Here, we describe a therapeutic technique that utilizes ultrasound for targeted drug delivery and tumor imaging. It relies on the instruments that are currently used for HIFU treatment (but at substantially lower ultrasound energies) and novel multifunctional nanoparticles composed of nanoscale polymeric micelles that function as drug carriers and nano-or microscale echogenic microbubbles that serve as drug carriers, drug delivery enhancers, and ultrasound contrast agents. Drug carrying, tumor targeting, and retention in the tumor volume are functions of the micelles and/or nanobubbles; ultrasound contrast properties are provided by the microbubbles formed in tumor volume by coalescence of nanobubbles. Their structure and properties are discussed below.
These components and their predicted in vivo distribution are schematically illustrated in Fig. 1 . The endothelial cells of the blood vessels in normal tissue are joined by tight junctions that prevent penetration of drug-loaded micelles or nano/microbubbles. In contrast, tumors are characterized by a defective vasculature with large gaps between the endothelial cells that allow the extravasation of nanoparticles up to 750 nm in size ( 15 , 16 ) . This permeability allows for accumulation of drug-loaded micelles and nanobubbles in the tumor interstitium via the enhanced permeability and retention effect ( 4 , 5 ) . As will be shown below, the extravasated nanobubbles coalesce in the tumor volume to form microbubbles that produce strong echo in ultrasound imaging. When subjected to tumor-directed therapeutic ultrasound, the microbubbles oscillate, grow, and collapse in a process called inertial cavitation ( 17 ) . Inertial cavitation of microbubbles causes a release of microbubble-encapsulated drug, enhances drug release from polymeric micelles ( 18 -23 ) , and perturbs cell membranes ( 24 ) . Because free drug is internalized much more effectively than encapsulated drug, tumor-localized drug release from microbubbles and micelles results in effective intracellular drug uptake ( 4 , 5 , 7 , 21 -23 , 25 -27 ) .
Using the system described above, a drug could be delivered specifi cally to the sites irradiated by ultrasound. Because the acoustic energy can be localized to millimeter and even submillimeter volumes in the megahertz frequency range, precise spatial control of drug delivery can be achieved.
CONTEXT AND CAVEATS

Prior knowledge
Ultrasound irradiation of drug-encapsulated micelles has shown promise as a means of achieving targeted treatment of tumors in animal models. However, the possibilities of using drug and carrier fomulations that produce (in vivo) both micelles and echogenic microbubbles to encapsulate drug, thus improving drug release and uptake and at the same time providing the imaging modality needed for focused ultrasound treatment of tumors, had not been explored.
Study design
Formulations for producing drug-encapsulated micelles and microbubbles and their response to ultrasound were characterized physically. Then, in vivo experiments were conducted in animal models to measure the extent to which they improved ultrasound-mediated drug uptake in tumors (relative to micellar formulations) and permitted tumor imaging.
Contribution
A novel approach for treatment of tumors that makes use of the echogenic properties of drug carriers to both improve drug uptake and simplify imaging is described.
Implications
The possibilities for targeted drug delivery to tumors based on focused ultrasound of drug-containing echogenic microbubbles deserves further exploration.
Limitations
Additional development and characterization of this experimental approach is required before its possible therapeutic advantages can be determined. Fig. 1 . Schematic representation of drug targeting through the defective tumor microvasculature using the echogenic drug delivery system. The system comprises polymeric micelles ( small circles ), nanobubbles ( stars ), and microbubbles ( large circles ). Micelles are formed by a biodegradable block copolymer (e.g., poly[ethylene glycol]-block-poly[L-lactide] or poly[ethylene glycol]-block-poly[caprolactone]); bubbles are formed by perfl uorocarbon (e.g., perfl uoropentane) stabilized by the same (or different) biodegradable block copolymer. Lipophilic drug (e.g., doxorubicin) is localized in the micelle cores and in the walls of nano/microbubbles. The tight junctions between cells in endothelial lining of the blood vessels in normal tissues do not allow extravasation of drug-loaded micelles or nano/microbubbles (indicated by cross ). In contrast, tumors are characterized by defective vasculature with large gaps between the endothelial cells, which allows extravasation of drug-loaded micelles and small nanobubbles resulting in their accumulation in the tumor interstitium. On accumulation in the tumor tissue, small nanobubbles coalesce into larger, highly echogenic microbubbles.
The constituents of the system are introduced as a mixture of drug-loaded micelles formed by a biodegradable block copolymer (poly [ In vivo, the PFP released upon microbubble collapse would be expected to be eliminated through the lungs, similar to what is observed when perfl uoropropane was used in vivo in Optison microbubbles (see http://amershamhealth-us.com ). Furthermore, because perfl uorocarbons have low partition coeffi cients in blood, PFP binding to blood proteins would be expected to be minimal. Copolymer micelles gradually disassemble into individual molecules (unimers) due to dilution by body fl uids (for example, by lymphatic drainage of the tumor), and the small size of the copolymer molecules (<40 kDa) allows for them to be excreted by the kidneys. Furthermore, the copolymer molecules are biodegradable, and the products of hydrolysis can be excreted through the liver and the kidney.
In the designed formulations, nanodroplet and microbubble sizes and volume fractions are controlled by varying the PFP/ copolymer concentration ratio; it was generally observed that at a fi xed PFP concentration, droplet size decreased with higher copolymer concentration, and for a fi xed copolymer concentration, droplet size increased with higher PFP concentration. In phase diagrams of PFP/copolymer formulations at room temperature, three zones are observed as the PFP/copolymer concentration ratio increased: zone 1 is characterized by micelles with PFP dissolved in the micelle cores and the absence of droplets. In zone 2, micelles and nano/microdroplets coexist. Zone 3 is characterized by the existence of nanodroplets only with a bimodal (lower PFP concentration) or monomodal distribution of bubble sizes.
For therapeutic applications, preparations that fall within the micelle/nanobubble coexistence range (zone 2) and the bimodal part of zone 3 appear to be the most useful because drug-loaded micelles and small nanobubbles are expected to extravasate through the defective tumor microvasculature and accumulate in tumor interstitium. If nanobubbles coalesce in the tumor into micron-size nanoparticles, this could result in a strong ultrasound contrast in tumor ultrasonography. The application of therapeutic ultrasound to tumor after ultrasound imaging is expected to trigger drug release from micelles and microbubbles, ensuring localized drug internalization by tumor cells. Thus, injection of drug-loaded formulations has the potential to allow clinicians to combine ultrasound tumor imaging with ultrasound-mediated targeted chemotherapy.
Materials and Methods
Micelle and Nanoemulsion Preparation
Biodegradable diblock copolymers (PEG-PLLA) and (PEG-PCL) in both of which the molecular mass of the blocks was 2000 d were bought from JCS Biopolytech Inc, Toronto, ON, Canada.
Micelles (empty or Dox-loaded) were formed by a solvent exchange technique. Copolymer (PEG-PLLA or PEG-PCL) without or with doxorubicin (Dox) was dissolved in dimethylsulfoxide or tetrahydrofurane, and the solution was dialyzed against phosphatebuffered saline (PBS) using a membrane with a molecular mass cutoff of 3000 d (Spectra/Por, Spectrum Laboratories Inc, Savannah, GA) to form empty or Dox-loaded micelles. Copolymer concentrations in the micelle preparations ranged from 0.1% to 1.0%. In drug uptake and biodistribution experiments, the copolymer concentration was 5 mg/mL and the Dox concentration was 0.75 mg/mL. For fl uorescence microscopy, a Dox concentration of 50 mg/mL was used. The fi nal Dox concentration in micelles was measured by high-performance liquid chromatography using a Supelco LC-18 column (250 × 4.6 mm internal diameter, 5-mm particle size) and a Hitachi high-performance liquid chromatography instrument (D-6000 interface; L-4200H UV-VIS detector; F-1080 Fluorescence Detector; L-6200A intelligent pump, and AS-2000 Autosampler).
The mobile phase was a 0.1% acetonitrile -0.1% NaH 2 PO 4 solution (40 : 60 vol/vol) adjusted to pH 3.0 with phosphoric acid, and the fl ow rate was 1.0 mL/minute. Doxorubicin eluted at 6.2 minutes and was detected by a fl uorescence detector with an excitation wavelength of 480 nm and an emission wavelength of 550 nm. Depending on the concentration and type of the copolymer, the sizes of the drug-loaded micelles ranged from 20 to 100 nm in diameter. Drugloaded micelles were sterilized by fi ltration through 200-nm fi lters.
The preparation of drug-loaded nanoemulsion proceeded in three steps. In the fi rst step, drug loading into micelles was performed and the micellar solutions were sterilized by fi ltration through 200-nm fi lters. In the second step, liquid perfl uorocarbon was sterilized by fi ltration and an aliquot of sterilized perfl uorocarbon was added to the sterilized solution of drug-loaded micelles. Finally, the mixture was sonicated by externally applied 20-kHz ultrasound to produce a nano-or microemulsion. Initially, sonication was performed at room temperature; in subsequent experiments, the samples were sonicated in ice-cold water to reduce foam formation. Preliminary data showed that extending sonication time beyond 60 seconds did not change the properties of the micelle/nanoemulsion systems. The nanoemulsion droplets are heavier than water and precipitate to the bottom of the test tube. Therefore, before taking an aliquot, the nanoemulsion was extensively mixed by pipetting it in and out.
Measurement of Nanoparticle Size Distribution
Particle size distribution was determined based on dynamic light scattering at a scattering angle of 90° using a Malvern Zetasizer 3000 HSA instrument equipped with a 633-nm helium/neon laser and a temperature controller (Malvern Instruments, Inc, Southboro, MA). Measurements were performed at room temperature and at a physiologic temperature range for various combinations of copolymer and PFP. The instrument allows for measurement of particle size distribution in the range of 20 nm -6 µm; microparticles larger than 6 µm might escape registration. However, visual monitoring of the samples at room temperature using an inverted microscope and hemocytometer (model 3200, Hauser Scientific, Horsham, PA) indicated the absence of microdroplets larger than 6 µm. A hemocytometer was also used for measuring mean microdroplet concentration.
To monitor the effect of heating to physiologic temperatures on the particle size distribution, the samples were heated inside the Malvern Zetasizer 3000 HSA instrument to temperatures as high as 42 °C and maintained at the desired temperature for 5 minutes during sizing. Upon completion of the measurement, the samples were cooled back to room temperature and the size measurements were repeated.
Optical and Fluorescence Imaging
For visual monitoring of nanodroplet and microbubble behavior, the formulations consisting of 0.5% PEG-PLLA/2% PFP were placed in closed plastic capillary tubes (internal diameter of 340 µm) of snake mixer slides (XXS, Zweibrucken, Germany) and examined under the ×100 magnification using a Nikon Fluophot fluorescence microscope (Nikon USA, Melville, NY) equipped with a sample heating stage TCS-100 (AmScope, Chino, CA) that provided for sample heating up to 50 °C. In the experiments involving the cells, a droplet of a cell suspension was first premixed with a desired Doxcontaining PBS solution or microbubble formulation and then placed in the capillary tube of the mixer slide. In the experiments involving sonication, unfocused ultrasound was applied through the Aquasonic coupling gel (Parker Laboratories, Inc, Orange, NJ) to the region of the slide outside of the visual field; note that in these experiments, sonication proceeded in a near field, and therefore, the ultrasound energy experienced by the sample could be different from the nominal output energy indicated by the ultrasoundgenerating instrument.
Sonication
Two types of ultrasound transducers were used. Unfocused 1-or 3-MHz ultrasound was generated by an Omnisound 3000 instrument (Accelerated Care Plus Inc, Sparks, NV) equipped with a 1-cm 2 piezoceramic crystal and 5-cm 2 transducer head. Focused 1.1-or 3.3-MHz ultrasound was generated by a submersible focused piezoceramic transducer (model H-101 S/N-29, Sonic Concepts, Woodinville, WA).
Monitoring of Cavitation Activity
The microbubble formulation was drawn into a Samco polyethylene transfer pipette (5 mm internal diameter, 0.3 mm wall thickness, and 1.5 cm height, Fisher Scientific, Pittsburg, PA). Using a three-way micropositioner (Velmex, Bloomfield, NY), the transfer pipette was positioned in the focal zone of the focusing transducer. The transducer was housed in an open glass tank (31 × 28 × 51 cm) containing approximately 20 L of filtered distilled water maintained at room temperature (23 -24 °C) or 37 °C. To minimize possible standing wave formation, a 2.5-cm thick rubber liner was mounted opposite the transducer. Electronic sinusoidal waveform of 1.1-or 3.3-MHz frequency was generated by a programmable generator (model F33, Interstate Electronics Corporation, Anaheim, CA) and triggered by a function generator (model 3314A, Hewlett Packard, Loveland, CO). The signal was amplified by a power amplifier (model 240L, Electronic Navigation Industries, Rochester, NY). Ultrasound pressure was controlled by varying the amplitude of the drive signal to the transducer.
For measurement of the ultrasound energy exposure, rootmean-square negative pressure was measured at the focal site of the transducer using a piezoceramic needle hydrophone with a geometrical diameter of 1.5 mm (model TNU100A, NTR Systems, Seattle, WA). With focused ultrasound, the sonication volume was more than an order of magnitude smaller than the total volume of the sample (400 mL); however, ultrasound-induced microstreaming caused sample stirring, which reduced nonuniformity of the sonication throughout the sample volume.
For measurement of cavitation intensity under unfocused ultrasound, the Omnisound 3000 transducer probe was positioned at a distance of 1 cm from the Samco transfer pipette inserted in a water tank at 37 °C. Cavitation intensity was characterized according to the micelle/microbubble volume ratio as described in the "Results."
To determine if the drug that is released upon microbubble collapse remains free in solution or is re-encapsulated by the reformed micelles, the drug-loaded sonicated samples were dialyzed against PBS and the Dox dialysis rates were compared with those of free Dox and micelle-encapsulated Dox.
Cells
Breast cancer MDA MB231 and ovarian cancer A2780 cells were obtained from American Type Culture Collection (Manassas, VA). MDA MB231 cells were cultured in Leibovitz's L-15 medium with 2 mM l-glutamine supplemented with 10% fetal bovine serum (FBS) at 37 °C in air. A2780 cells were cultured in RPMI-1640 medium supplemented with 10% FBS at 37 °C in humidifi ed air containing 5% CO 2 .
Animal Procedures
Thirty nu/nu mice 4 -6 weeks old were bought from Charles River Laboratories (Wilmington, MA). Animals were housed in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the National Institutes of Health. All experiments were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of the University of Utah (Protocol 05-01002). For inoculation, breast cancer MDA MB231 cells or ovarian carcinoma A2780 cells were suspended in 100 mL serum-free RPMI-1640 medium and inoculated subcutaneously to the flanks of unanesthetized mice (2 × 10 6 cells per mouse). Three mice bearing breast cancer xenograft tumors were used as controls. Eight mice bearing breast cancer xenograft tumors were used to monitor the effect of ultrasound on tumor growth after the intravenous injections of microbubble-encapsulated Dox when tumor volume reached 100 -150 mm 3 (1.5 months after cell inoculation). These mice were treated by four intravenous injections of 3 mg/kg Dox encapsulated in 0.5% PEG-PLLA/2% PFP microbubbles injected twice weekly. Three of the eight mice were not sonicated; in the other fi ve mice, the tumors were sonicated by 3-MHz unfocused ultrasound (power density 2 W/cm 2 , duty cycle 20%, ultrasound exposure time 30 seconds); ultrasound was applied 4 hours after the drug injection, and tumor growth/regression rates were monitored.
Three mice bearing breast cancer xenograft tumors were used to measure the effect of ultrasound on the intracellular uptake of Dox in vitro when tumors reached a volume of 1400 -1500 mm on the Dox uptake by tumor cells and biodistribution in vivo when untreated tumors reached a volume of 500 mm 3 (about 2.5 months after the cell inoculation).
When tumors in seven additional mice that were inoculated with MDA MB231 cells reached a volume of approximately 2000 -2500 mm 3 (3 months after the cell inoculation), these mice were used for the contrast-enhanced ultrasound tumor imaging experiments. Subsequently, four additional mice were inoculated with MDA MB231 cells and one was inoculated with A2780 cells to monitor contrast-enhanced ultrasound tumor imaging at earlier stages of tumor growth.
Measurement of Intracellular Drug Uptake by Tumor Pieces In Vitro
The intracellular uptake of Dox was measured when untreated MDA MB231 breast cancer xenograft tumors reached a volume of 1400 -1500 mm 3 (between 2.5 and 3 months after the cell inoculation). The mice were killed by cervical dislocation. Immediately after the tumors were excised, tumor pieces of approximately equal size, shape, weight, and orientation in relation to the tumor volume (i.e., directed from the surface toward the center) were prepared using an open glass tube as a tumor cutter. Tumor pieces (20 -750 mg in various experiments) were weighed and placed either in Samco polyethylene transfer pipettes or 5-mL plastic test tubes filled with 400 mL (transfer pipettes) or 4 mL (test tubes) of micellar or nanoemulsion Dox formulation. The tumor containers were placed in a water tank maintained at 37 °C. The unfocusing Omnisound 3000 transducer probe was positioned at a distance of 1 cm from the sample. The samples were incubated from 15 to 45 minutes at 37 °C in the corresponding formulation before ultrasound application. "Sham" control exposures were conducted using the same protocol, without ultrasound.
Ten minutes after completion of sonication, tumor pieces were removed from the container, dried on fi lter paper, digested with 1.0% trypsin to produce individual cells, and fi xed in 2.5% glutaraldehyde. Then, cells were fi ltered through nylon mesh, and cell fl uorescence was measured using a FACScan fl ow cytometer (Becton Dickinson, Franklin Lakes, NJ). In control experiments, we found that intracellular Dox fl uorescence is proportional to intracellular Dox uptake ( 11 ) . The fl ow cytometry does not provide absolute fl uorescence values; the measured value for the same sample may vary from day to day due to the variations in the instrument setting and sensitivity. Therefore, fl ow cytometry histograms for a particular series of samples were recorded on the same day with the same instrument setting.
The following experiments were performed. 1) Pieces of an excised MDA MB231 tumor (150 mg each) were inserted in 0.4 mL of a medium comprising Dox at a concentration of 0.75 mg/mL encapsulated in PEG-PLLA 0.5% micelles or PEG-PLLA 0.5%/PFP 2% microbubbles. The microbubble concentration was 5 × 10 8 /mL. The samples were preincubated at 37 °C for 15 minutes before 3-MHz unfocused ultrasound was applied for 30 seconds at a nominal output space-average-time-average (SATA) power density of 2 W/cm 2 with a duty cycle of 50%. 2) Large pieces (750 mg each) of an excised MDA MB231 tumor were inserted in 2.5 mL of a medium comprising Dox at a concentration of 0.75 mg/mL encapsulated in PEG-PLLA 0.5% micelles or PEG-PLLA 0.5%/PFP 2% microbubbles. The microbubble concentration was 5 × 10 8 /mL; samples were preincubated at 37 °C for 15 minutes before 3-MHz unfocused ultrasound was applied for a 30-second exposure time at a nominal output SATA power density of 2 W/cm 2 with a duty cycle of 20%.
Measurement of the Intracellular Drug Uptake and Drug Biodistribution In Vivo
Five mice bearing MDA MB231 breast cancer tumors were used in these experiments. Drug distribution experiments were performed when tumors reached a size of about 500 mm 3 (2.5 months after the cell inoculation). Two mice were injected with a micellar Dox formulation (0.75 mg/mL Dox/0.5% PEG-PLLA), and two other mice were injected with the microbubble formulation (0.75 mg/mL Dox/0.5% PEG-PLLA/2% PFP); microbubble dose was about 5x10 7 bubble/mouse; injected Dox dose was 3 mg/kg. A fifth tumorbearing mouse was injected with PBS and used as a control. Four hours after the injection, tumors of half of the mice were sonicated by unfocused 3-MHz ultrasound at 2 W/cm 2 power density and 20% duty cycle for a total of 150 seconds to produce ultrasound exposure of 30 seconds; ultrasound was applied to the tumor through the Aquasonic coupling gel. "Sham" exposures were conducted according to the same protocol, but no ultrasound was applied.
Ten minutes after the completion of sonication, tumors and organs (heart, liver, and kidney) of all mice were excised, cut into pieces, and treated to produce individual cells as described above for the in vitro experiments on the intracellular drug uptake. Briefl y, tumors and organs were dried on fi lter paper, digested with 1.0% trypsin to produce individual cells, and fi xed in 2.5% glutaraldehyde. Then, cells were fi ltered through nylon mesh, and cell fl uorescence was measured using a FACScan fl ow cytometer. In earlier experiments on drug biodistribution ( 4 ) that were run in duplicate or triplicate, a very low scatter of mean cell fl uorescence (<10%) was observed both in vitro and in vivo in samples from different mice that were processed identically. Therefore, in this study, a total of fi ve mice with one mouse per experimental point were used to measure the effect of ultrasound on the intracellular drug uptake and biodistribution in vivo.
Measurement of the Intracellular Drug Uptake by Cells in Suspension or Monolayers
A2780 or MDA MB231 cells suspended in media comprising micelle-or microbubble-encapsulated Dox were drawn into Samco transfer pipettes and positioned in the focal zone of the focusing transducer as described in Monitoring of Cavitation Activity. After sonication, the cells were fixed by 2.5% glutaraldehyde.
The cells grown in monolayers in the wells of 6-well plates to 75% confl uence were sonicated at room temperature by unfocused 3-MHz ultrasound applied to the bottom of the well through the Aquasonic coupling gel. After sonication, the cells were processed as described above for tumor pieces. Cell fl uorescence was measured by fl ow cytometry.
Statistical Analysis
The statistical treatment of the intracellular drug uptake data was performed by the Biostatistic Shared Resource, Huntsman Cancer Institute, Salt Lake City, UT. Statistical significance of the differences in the intracellular drug uptake for micelles versus microbubbles and for nonsonicated versus sonicated samples was analyzed by a two-sided paired t test on a logarithmic scale using R2.4.0 software. The effect of microbubbles and ultrasound on the intracellular drug uptake was evaluated for each cell sample by using micellar delivery without ultrasound as a reference. Across the samples, the mean ratios I DS / I m of the drug uptake observed for a particular delivery system to the drug uptake observed for micelles were calculated.
Statistical treatment of the tumor growth data was performed using Excel 2003 (Microsoft, Redmond, WA), and mean tumor volumes and 95% confi dence intervals (CIs) were calculated. P values for differences in the tumor growth rates determined by Student's t test are presented in the text.
Ultrasound Imaging
Imaging experiments were performed using a 14-MHz linear transducer (Acuson Sequoia 512) and MDA MB231 breast cancer or A2780 ovarian cancer bearing mice in which tumors have been allowed to grow for 3 months to reach the volume of 2000 -2500 mm 3 ; imaging was performed 3, 10, and 12 weeks after the cell inoculation; the microbubble formulations (0.5% PEG-PLLA/2% PFP) were injected intravenously or intratumorally (injection volume 100 or 200 mL, microbubble concentration 10 8 -10 9 /mL); imaging was performed at various time points after the contrast injections (3 minutes, 18 minutes, 4 hours, 28 hours, 48 hours).
Results
Conversion of Nanodroplets to Microbubbles Upon Heating to Physiologic Temperatures
We studied nanodroplet to microbubble conversion in micelle/ nanodroplets formulations using dynamic light scattering and optical microscopy. Dynamic light scattering indicated that sample heating from room temperature to physiologic temperatures did not affect micelle sizes, but resulted in an increase of nanodroplet sizes due to PFP vaporization inside the droplet walls formed by block copolymers. For example, upon heating of a 1% PEG-PLLA/0.5% PFP formulation to 42 °C, nanodroplet/microbubble conversion resulted in an increase of mean particle size from 691 nm (nano drop lets) to 1.24 mm (microbubbles). Upon heating a 1% PEG-PCL/1% PFP formulation to 37 °C, mean particle size increased from 428 nm (nanodroplets) to 1.03 mm (microbubbles). With short-term (5 minutes) heating, nanodroplet/microbubble conversion was reversible --the initial particle size distribution was restored upon cooling (data not shown). However, with longer heating or higher temperatures, microbubble coalescence resulted in the irreversible formation of larger microbubbles ( Fig. 2 ) . Micrographs were taken during the heating-cooling-heating cycle of a 0.5% PEG-PLLA/2% PFP sample placed in a closed plastic capillary. At the x100 magnification that was maximal at the current instrument setting, nanodroplets of the initial formulation were not resolved ( Fig. 2, A ) . Visible microbubbles appeared at temperatures above the PFP boiling temperature of 29 °C, and, at this temperature, structural rearrangements were manifested by a vigorous liquid motion inside the capillary. During further heating, large microbubbles grew by attracting and coalescing with small ones ( Fig. 2, B and C ) , which was especially pronounced at hyperthermia conditions (above 42 °C). Upon cooling the sample back from 50 °C to room temperature, the initial structure was not restored; structural rearrangements resulted in a development of a large number of small microdroplets formed via the disintegration of large microbubbles ( Fig. 2, D ) . During the second heating step, large microbubbles grew again by attracting and coalescing with small bubbles, whose number constantly decreased ( Fig. 2, E and  F ) . In contrast to the thermodynamically driven reversible PFP evaporation/condensation at 29 °C, the coalescence of the microbubble was an irreversible process, and upon cooling, the system did not return to the original state shown in Fig. 2 , A . Irreversible bubble coalescence was also observed at room temperature upon the application of ultrasound (data not shown). A similar effect called acoustic droplet vaporization has recently been described ( 28 -30 ) . For ultrasound imaging purposes, the coalescence of the nano-and microbubbles is a positive factor because the echogenic properties of the nanobubbles increase upon coalescence into the microbubbles. However in therapeutic applications, long-term survival of nanobubbles at physiologic temperatures is required for suffi cient accumulation of the nanobubbles in the tumor interstitium. 2 . Optical images of a 0.75 mg/mL Dox/0.5% PEG-PLLA/2% perfl uoropentane formulation placed in a closed plastic capillary (internal diameter 340 mm) of a snake mixer slide. The sample was visualized during a heating/cooling/heating cycle using a heating stage and a fl uorescence microscope. A ) At 26 °C, nanodroplets of the initial 0.5%PEG-PLLA/2% PFP formulation were not resolved at the highest available magnifi cation (×100). B and C ) Upon heating to 37 °C ( B ) and 50 °C ( C ), large bubbles grew by attracting and coalescing with small ones. D ) After the sample was cooled back to room temperature, the initial structure was not restored and a large number of small microdroplets were formed via disintegration of large microbubbles and PFP condensation inside the bubble walls. E and F ) Images were taken during a second heating step at 37 °C and 50 °C, respectively; growth of large microbubbles via the attraction and coalescence with small ones was manifested by a progressive decrease in the number of small microbubbles.
Stability of the Dox-loaded nanobubbles used in in vivo studies (0.75 mg/mL Dox/0.5% PEG-PLLA/2% PFP) was tested by incubating them at 37 °C in closed test tubes for various time periods followed by particle sizing at room temperature. After a 4-hour incubation at 37 °C, the nanobubbles were still present in the formulation and the change in mean nanobubble size was less than 15% (data not shown). Long-term survival of the nano-and microbubbles in vivo was confi rmed in ultrasound imaging experiments (see below).
Cavitation Effects
In the context of drug delivery and tumor therapy, inducing localized cavitation in the tumor volume is desirable because it enhances drug release from carriers and perturbs cell membranes, thus considerably increasing intracellular drug uptake. Drug release from micelles starts below the inertial cavitation threshold but is substantially enhanced by inertial cavitation ( 7 , 10 , 18 , 23 , 31 ) . We sought to determine ultrasound parameters that induced efficient inertial cavitation. To ascertain the induction of cavitation, we first performed sonication by strong continuous wave focused 1.1-MHz ultrasound at a 4-MPa negative pressure in the focal zone. Sonication was performed at 37 °C (this temperature was above the nanodroplet/microbubble conversion temperature, and therefore microbubbles were present in the system); particle size distribution in the range of 20 nm -6 µm was measured at room temperature before and after sonication ( Fig. 3 ) . In the initial 0.2% PEG-PLLA/0.5% PFP formulation, 96.6% of droplets were microdroplets (mean diameter = 1.37 mm). There was a small fraction (3.4%) of nanoparticles (mean diameter = 125 nm). Ultrasound resulted in a decrease of the microdroplet volume fraction from 96.6% to 49% accompanied by the formation of micelles (47.8% of sized particles) with a mean diameter of 46 nm. The volume fraction of 100-to 200-nm nanoparticles (3.2%) remained unchanged ( Fig. 3 ) . These data indicate that the copolymer molecules that were released upon collapse of the microbubbles re-assembled into the micelles. These results indicate that ultrasound-induced changes in the micelle/microbubble volume fraction ratio are an indicator of inertial cavitation activity.
In additional experiments, we observed that the inertial cavitation threshold for microbubbles stabilized by PEG-PCL copolymer was higher than that for microbubbles stabilized by PEG-PLLA copolymer (data not shown). Moreover ultrasound frequency, negative pressure, and duration of exposure strongly affected inertial cavitation activity (data not shown).
This method for monitoring cavitation activity was applied to optimize sonication conditions for drug uptake and tumor growth studies. The cavitation activity was compared for 1-and 3-MHz unfocused ultrasound at the same nominal SATA power density of 2 W/cm 2 as specifi ed by the Omnisound 3000 instrument manufacturer. Because the inertial cavitation threshold was higher for microbubbles stabilized by PEG-PCL than for those stabilized by PEG-PLLA copolymer, a PEG-PCL/PFP formulation was chosen to ensure that inertial cavitation conditions would be generated in studies of drug uptake and tumor growth. Ultrasound was applied at 37 °C. The initial composition consisted of micelles with a mean diameter of 36.4 nm (33.9%) and microdroplets with a mean diameter of 1.1 µm (59.3%), and there was also a small fraction (6.8%) of nanodroplets with mean diameter of 198 nm. After sonication for 30 seconds with 1-MHz continuous-wave ultrasound, microbubble collapse resulted in a decrease of the microdroplet volume fraction to 35.4% while that of the micelles increased to 64.6%. With 3-MHz sonication, the microdroplet volume fraction dropped to 13.6%, and that of the micelles increased to 83.2%. Therefore, because of the stronger cavitation activity at 3 MHz, this frequency was chosen for both in vitro and in vivo studies of the effect of ultrasound on intracellular drug uptake and drug biodistribution.
Drug Distribution and Release
In a micelle formed by block copolymer, Dox is localized in the central hydrophobic compartment (micelle core) ( 6 , 9 , 27 ) . Using fluorescence microscopy, we determined the localization of Dox in the microbubbles. We studied Dox localization in the same formulation (0.75 mg/mL Dox/0.5% PEG-PLLA/2% PFP) that was used in our studies of drug uptake and tumor growth. At room temperature, the nanoparticles in the formulation were not resolved by fluorescence microscopy. When the formulation was heated to 44 °C, coalescence of the nanobubbles resulted in the formation of visible microbubbles ( Fig. 4, A ) and Dox fluorescence was localized in the microbubble walls formed by the bubblestabilizing block copolymer. When the microbubbles collapsed under the action of ultrasound, copolymer molecules were released and they re-assembled into the micelles as indicated by dynamic light scattering. Drug was also released from the collapsed microbubbles, and in the absence of cells, the restored micelles re-encapsulated released drug as indicated by a slow rate of Dox dialysis from the sonicated samples (data not shown).
We sought to determine whether the released drug would be internalized by cells that were present during the collapse of the microbubbles. We monitored fl uorescence of breast cancer Fig. 3 . Effect of 1.1-MHz continuous wave focused ultrasound on the microbubble collapse in 0.2% PEG-PLLA/0.5% perfl uoropentane formulation. Ultrasound of 4-MPa space-average-time-average negative pressure was applied for 30 seconds at 37 °C. Particle distribution measurements were performed before and after sonication at room temperature. The initial formulation comprised predominantly microdroplets of 1.37-mm mean diameter (96.6%) and a small fraction of nanodroplets of 125-nm mean diameter (3.4%). Ultrasound-induced microbubble collapse resulted in a decrease of the microdroplet volume fraction from 96.6% to 49% and was accompanied by a formation of micelles with a mean diameter of 46 nm (47.8%). The volume fraction of the 100-to 200-nm nanoparticles (3.2%) remained essentially unchanged.
MDA MB231 cells inserted into a suspension of Dox-loaded microbubbles placed in a plastic capillary at 37 °C and either treated ( Fig. 4, B-D ) or not treated with ultrasound. Without ultrasound, the cells did not acquire any fl uorescence during a 30-minute observation. However, a strong cellular fl uorescence ( Fig. 4, C and D ) was observed after a 30-second sonication of the capillary plate by 3-MHz ultrasound at a nominal output SATA power density of 2 W/cm 2 . These experiments suggested that in the absence of ultrasound Dox was strongly retained by the microbubbles and that the Dox that was released under the action of ultrasound was internalized by the cells.
Microbubbles as Enhancers of Ultrasonic Drug Delivery
Next, we compared ultrasound-mediated intracellular drug uptake by tumor cells when Dox was delivered in microbubbles with uptake when Dox was delivered in micelles. The doxorubicin uptake was characterized by the intracellular fluorescence calculated as the difference between the measured fluorescence of experimental tumor cells and the autofluorescence of corresponding control tumor cells. The experiments were performed for five different cancer samples (excised breast cancer tumors, in vivo breast cancer tumors, breast cancer and ovarian carcinoma cells in monolayers or suspensions as described in Methods). Histograms and data on cell fluorescence for nonsonicated and sonicated samples are presented in Supplementary Figs. 1-3 and in Supplementary Table 1 (available online). For sonicated pieces of an excised MDA MB231 tumor (tumor piece weight, approximately 125 mg), microbubble/ultrasound delivery resulted a greater than twofold enhancement of the intracellular doxorubicin uptake compared with micelle/ultrasound delivery (89 versus 38 arbitrary units) and about a fivefold increase over delivery in micelles without ultrasound (89 versus 19 arbitrary units). Histograms of cell fluorescence for nonsonicated and sonicated cells are presented in Supplementary Fig. 2 (available online) .
For large breast cancer tumor pieces (weight ~ 750 mg), only microbubble/ultrasound delivery resulted in a measurable increase in cell fl uorescence over the autofl uorescence of control cells.
Ultrasound-induced enhancement of the intracellular doxorubicin uptake by the tumor cells was also observed in vivo. Doxorubicin was injected intravenously into four MDA MB231 tumor-bearing mice; a fi fth tumor-bearing mouse was used as a control. Two mice were injected with a micellar doxorubicin formulation (0.75 mg/mL Dox/0.5% PEG-PLLA), and the two other mice were injected with the microbubble formulation (0.75 mg/mL Dox/0.5%/PEG-PLLA/2% PFP; at room temperature this formulation comprised nanodroplets of two sizes, 250 and 750 nm, as determined by light scattering). Four hours after the drug injection, the tumor of one mouse in each treatment group was sonicated by 3-MHz ultrasound at a nominal output SATA power density of 2 W/cm 2 and duty cycle of 20% for a 30-second ultrasound exposure; the other mouse was not sonicated. After removal of the tumor, kidney liver, and heart, the individual cells were produced by tissue digestion with trypsin; the cells were fi xed with glutaraldehyde and cell fl uorescence was measured by fl ow cytometry as described in detail in Methods. The results showed that 1) without ultrasound, for both the micellar and microbubble formulation, the fl uorescence of the experimental tumor cells was close to the autofl uorescence of the control cells signifying low intracellular drug uptake; 2) the application of ultrasound enhanced the intracellular drug uptake by the tumor cells in the presence of both the micellar and microbubble formulation; and 3) the intracellular drug uptake by sonicated samples was substantially higher for the microbubbles compared with micelles (13 versus 7 arbitrary units). No measurable doxorubicin fl uorescence was observed in the cells of kidney, liver, or heart, indicating a substantial degree of drug targeting to tumors. The strong effect of the microbubbles indicated that they were preserved in vivo for at least 4 hours, and this was further confi rmed by ultrasound imaging experiments described below. Histograms of Fig. 4 . Fluorescence images of the 0.75 mg/mL Dox/0.5% PEG-PLLA/2% perfl uoropentane formulation placed in a plastic capillary (internal diameter 340 mm) of a snake mixer slide. The initial formulation was characterized by a bimodal distribution of nanoparticle sizes (250 and 750 -800 nm), and the nanoparticles were not visible at the ×100 magnifi cation that was maximal for the experimental setting. A ) Heating the formulation to 44 °C resulted in a formation of large (tens of microns) microbubbles due to coalescence of the nanobubbles. The doxorubicin-derived fl uorescence ( red ) of the microbubbles was clearly localized in the bubble walls formed by the bubble-stabilizing copolymer. B ) Optical image of the MDA MB231 cell and bubble aggregates (arrow) formed in the capillary during a 150-second sonication (corresponding to a 30-second ultrasound exposure time) by 3-MHz ultrasound at a 2 W/cm 2 nominal space-average-time-average power density with a 20% duty cycle. Ultrasound was applied directly to the slide through the Aquasonic coupling gel. The actual power density experienced by the sample may be different from nominal because the sonication proceeded in the ultrasound near fi eld. C) Fluorescence image of the same sample site as presented in B with focus on the bubbles (thin arrow). Fluorescence of the bubbles decreased whereas the cells (thick arrow) acquired strong fl uorescence after sonication. D ) Fluorescence image of another cell aggregate with the focus on the cells. When the sample was exposed to ultrasound, doxorubicin was internalized by the cells as indicated by the red fl uorescence.
cell fl uorescence for nonsonicated and sonicated cells are presented in Supplementary Fig. 3 (available online) .
Even without ultrasound, the intracellular doxorubicin uptake from the microbubbles was often slightly higher that that from the micelles (Supplementary Table 1 , available online), presumably due to the presence of some free drug that was released from micelles during nanoemulsion preparation.
The statistical signifi cance of the differences associated with individual treatments across the collection of samples were analyzed by a two-sided paired t test on a logarithmic scale using R2.4.0 software ( Table 1 ) . Without ultrasound, no differences were observed between drug delivery outcomes for the micelles and microbubbles ( P = .231). By contrast, for the sonicated samples, the intracellular drug uptake observed for the microbubbles was statistically signifi cantly higher than that observed for the micelles (ratio of uptake = 3.02; 95% CI = 1.46 to 6.26; P = .017). The effect of ultrasound on the intracellular drug uptake from micelles, though always positive, was not statistically signifi cant ( P = .063); however, ultrasound caused a statistically signifi cant increase in the intracellular drug uptake from microbubbles (ratio of drug uptake from microbubbles in the presence of ultrasound versus drug uptake from microbubbles in the absence of ultrasound = 4.60; 95% CI = 1.70 to 12.47; P = .017). Statistically signifi cant enhancement of the intracellular drug uptake was also observed when doxorubicin uptake in the presence of microbubbles and ultrasound was compared with that observed with micelles in the absence of ultrasound (ratio of drug uptake = 7.97; 95% CI = 3.72 to 17.08; P = .0032). Finally, when the micelle and microbubble delivery systems were analyzed together, the effect of ultrasound on the intracellular drug uptake was statistically signifi cant (ratio of drug uptake = 3.48; 95% CI = 1.71 to 7.08; P = .0026).
Combination Chemotherapy by Drug-Loaded Microbubbles and Ultrasound
We next sought to determine if combining microbubble drug delivery with ultrasound would exert effects on tumor growth in vivo. In these experiments, 11 mice bearing MDA MB231 breast tumors were randomly assigned to three groups when tumor volume reached about 100 -150 mm 3 (1.5 months after cell inoculation). The control group (n = 3) was intravenously injected with PBS. The other group (n = 8) was given four intravenous twice weekly injections of microbubble-encapsulated doxorubicin (3 mg/kg) using a formulation consisting of 0.75 mg/mL Dox/0.5% PEG-PLLA/2% PFP. Three of these mice were not treated by ultrasound; the remaining five were treated for 30 seconds with 3-MHz ultrasound at a nominal power density of 2 W/cm 2 and duty cycle of 20%. Tumor growth was then monitored ( Fig. 5 ) . In the group treated by microbubble-encapsulated Dox without ultrasound, the tumor growth rate was only slightly slower than in the control group. No statistically significant differences were observed between the control group and that treated by microbubbleencapsulated Dox without ultrasound in a two-tailed unequal variance t test ( P = .25). In contrast, the tumors in the group treated by ultrasound either didn't grow or regressed, and statistically significant differences were observed between the groups treated by microbubble-encapsulated Dox, with and without ultrasound ( P = .001). Because the drug-loaded microbubbles were injected systemically, the results suggest that without ultrasound, microbubbles tightly retained the drug and that sonication induced a release of the drug from microbubbles, which caused regression of the sonicated tumor.
Microbubbles as Long-Lasting Ultrasound Contrast Agents
Imaging of subcutaneous MDA MB231 human breast cancer tumors grown in mice after intratumoral or intravenous injection of 100 mL of a 0.5% PEG-PLLA/2% PFP microbubble formulation (approximately 5 × 10 8 bubbles/mL) was performed using 14-MHz linear transducer (Acuson Sequoia 512). The resolution limit of this imaging instrument is 0.1 mm; therefore, the nanobubbles or small microbubbles cannot be resolved. Ultrasound images were recorded at 3 minutes, 18 minutes, 4 hours, 28 hours, and 48 hours after injection. Strong echoes were generated in the tumors within one minute after direct intratumoral injection, and they persisted for several days ( Fig. 6 ) . The sizes of the echo-producing entities in ultrasound images (100-300 µm) were much larger than the sizes of the nanobubbles in the injected formulation (the injected nanobubbles could not be resolved in ultrasound images). The observation of strong echoes suggested that nanobubbles coalesced in the tumor tissue. This was further confirmed by the results of tumor imaging upon the intravenous injection of the microbubble formulation ( Fig. 7 ) . The image presented in Fig. 7 , A , was taken 4 hours after the intravenous injection. It shows a large area of a high echogenicity in the center of the tumor. No accumulation of echogenic microparticles was observed in kidney ( Fig. 7, B ) or liver, suggesting a high degree of micelle/microbubble tumor targeting.
Although for 3-month grown tumors a substantial ultrasound contrast was generated in the subcutaneous tumors of four mice with the intravenous contrast injection, as illustrated in Fig. 7, A and B , the subcutaneous tumors of two other mice manifested a low number of the echo-producing entities.
In subsequent experiments we took ultrasound images of subcutaneous MDA MB231 breast cancer and A2780 ovarian cancer tumors at 3 and 10 weeks after cell inoculation. No contrast was observed at 3 weeks (tumor size up to 60 mm 3 ); however, strong contrast was observed 7 weeks later in the large (about 500 mm 3 ) tumors of the same mice (data not shown). These 10-week tumors had a well developed vasculature that was visible to the naked eye.
Discussion
The micelle/microbubble formulations that we have described fulfilled three important functions: they targeted drugs to tumors, they enhanced the ultrasound-mediated intracellular drug uptake, and they provided a strong and long-lasting tumor contrast in ultrasonography. Each component of the drug delivery system carries out particular functions. Micelles and nanobubbles carry the drug and provide for a selective drug accumulation and retention in the tumor tissue via the enhanced permeability and retention effect, thus accomplishing passive drug targeting to tumors ( 4 , 5 ) . Small nanobubbles encapsulate drugs, extravasate in the tumor tissue, and coalesce into larger, highly echogenic microbubbles, thus providing for a strong tumor contrast in ultrasonography.
In the system we have described, there are a variety of means by which tumor-directed ultrasound could enhance drug uptake. It triggers drug release both from the tumor-accumulated micelles and nano/microbubbles. Because, as shown in our previous work ( 4 , 5 , 7 , 14 , 21 , 22 ) , free drug is internalized by cells more effectively than encapsulated drug, ultrasound-induced drug release from micelles (or bubbles) enhances intracellular drug uptake. Larger microbubbles cavitate under the action of tumor-directed therapeutic ultrasound and by cavitation further enhance intracellular drug uptake by tumor cells. Further enhancement of drug uptake by ultrasound-induced microbubble cavitation is due to its ability to perturb cell membranes ( 24 ) . Still another important ultrasound-mediated effect is enhancement of the diffusion of nanoparticles and free drug throughout tumor tissue ( 4 , 11 ) . Because of the central role of inertial cavitation in enhancing drug uptake, tumor sonication in the presence of microbubbles results in a stronger intracellular drug uptake than in the presence of micelles alone.
The microbubbles we have developed differ in a number of ways from the ultrasound contrast agents currently available, including Optison and Defi nity: 1) the microbubbles are produced in situ upon injection of a specially designed microemulsion; 2) they have strong walls composed of biodegradable diblock copolymer that stabilizes the microbubbles thus resulting in a longlasting ultrasonic contrast; 3) the same diblock copolymer that forms the walls of the microbubbles also forms polymeric micelles that effectively encapsulate chemotherapeutic agents and act as drug carriers; and 4) upon drug injection, a localized ultrasonic irradiation of the tumor in the presence of microbubbles provides for effective intracellular drug uptake by the tumor cells.
The therapeutic mechanism of our systems is based on the ultrasound-enhanced localized action of tumor-targeted chemotherapeutic drugs rather than thermal action of ultrasound. This allows the use of ultrasound energies that are at least order of magnitude lower than those used in ablative techniques. A statistically signifi cant enhancement of the intracellular drug uptake was observed at a SATA power density of only 2 W/cm 2 for 3-MHz ultrasound.
It is important to note that selective tumor accumulation of the contrast agent after intravenous injection proceeded without molecular targeting of the microbubbles. The accumulation was based exclusively on the passive targeting of the nanoparticles.
The size of the highly echogenic entities observed in the tumor after the intravenous injections (hundreds of microns) was much larger than the cutoff size of the endothelial gaps in tumor capillaries, which can be up to 750 nm, depending on the tumor type (15, 16, 32) . Therefore, our data strongly suggest that small (200 -750 nm) nanobubbles of the initial formulation were extravasated into the tumor and coalesced into larger echogenic microbubbles in the tumor volume. Coalescence of nanobubbles into large microbubbles induced by ultrasound or hyperthermia may be potentially useful for local occlusion of tumor capillaries.
There are limitations of micelle/microbubble systems that are most probably related to the status of the tumor vasculature. An absence or small number of echo-generating entities in the tumors at the early stages of development or in some studied mice with "older" tumors may be related to three possible tumor factors: low vascularization, low cut-off size of the endothelial gaps in tumor blood capillaries that precluded extravasation of the nanobubbles, or structural tumor factors that precluded nanobubble coalescence. Discrimination between these factors requires further research.
In conclusion, multifunctional micelle/microbubble formulations have been developed for combining ultrasonic tumor imaging and ultrasound-enhanced chemotherapeutic treatment. We found that the formulations provide for a long-lasting ultrasound contrast in the tumor tissue, allow tumor visualization via passive targeting of a contrast agent, and enhance the ultrasound-mediated localized drug uptake by the tumor cells.
